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ABSTRACT 
Measurements of the physical properties, and crystal 
structure of polonium show that the element is very metal­
lic. Measurements of the electrical resistivity of thin 
films of metal show that polonium e3dsts in two allotrppic 
forms. The specific resistivity and thermal coefficient of 
resistivity of the tv/o phases are respectively: 
RQ of ot-Po s 42 micro-ohm-cm oCof o(-Po = .0046 
RQ of /9-Po = 44 " o^of ^-Po = .0070 
The element has a melting point of 254°C and a density of 9,4 
g/cc. Its hardness is similar to that of lead. 
X-ray diffraction studies have shown that c<- Po has a 
simple cubic structure with a lattic parameter "a" - 3.34 A, 
The ^  -jihase has a simple rhomhohedral structure with "a" r 
3.36 A and o( s 98° 13». 
A sample which was photographed intermittently for 
138 days - the half life of Po - has shown no new diffraction 
patterns, thiis indicating that lead is soluble in polonium 
to the extent of 50 atomic percent. 
Diffraction patterns taken with the sample of different 
temperatures show that -polonium has a negative thermal co­
efficient of expansion equal to -300 - 100 x 10"® cm/cm/°C. The 
coefficient of expansion for ^-polonium is probably 50 x 10 . 
V 
It is concluded that polonium crystallizes with metallic 
bonding but that the atom is probably incompletely ionized. 
Observations on the transformation temperature show that 
the transition occurs between 65°C and 130°C and that the 
range depends upon the thickness of the sample used in the 
determination. 
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PHYSICAL PROPERTIES OP POLONIUM 
Introduction 
Polonium (atomic numlDer 84), is a naturally occurring 
radioactive element discovered in 1898 by Pierre and Marie 
Curie while seeking the cause of radioactivity in pitchblende. 
It is a member of the uranium series of radioactive elements 
and is known as radium P. It is formed from radium E by the 
emission of a -particle and in turn decays by the emission 
of an o<.-particle to inactive lead. 
In spite of the many investigations of the chemical 
properties it was impossible to decide with this information 
alone whether polonium was a metal or a non-metal. Its atomic 
number of 84 places it in Group VI-B in the periodic table 
and if it were a non-metallic element it would be expected to 
have properties similar to those of S, Se and Te. If it v/ere 
a metallic element it would be expected to have properties 
similar to Tl, Pb and Bi. Table II lists some physical prop­
erties of these two grotps of elements. It will be noted 
that the electrical resistivity is the most widely variant of 
the properties associated with the two gpcupa. Prediction of 
the specific resistivity of polonitim on the basis of the 
values for Tl, Pb and Bi gives a value of a few hundred micro-
(ihm-centimeters. Similar extrapalation of the values for S, 
Se and Te gives a value of several thousand mlcro-oaam-
2 
centimeters. An approxl^nate determination of the specific 
resistivity of polonium should be sufficient to establish 
which of these values is the more correct and thus determine 
to which group polonium belongs. It was with this in mind 
that the first rough determinations of the electrical resis­
tivity and the thermal coefficient of resistivity were made. 
The results showed rather conclusively that polonltun is metal­
lic and should be expected to have properties similar to 
those of Te, Pb and Bi. 
It was decided that more information would be gained by 
the determination of other physical properties than by further 
refinements of measurements of electric resistance. Accord­
ingly determinations on the melting point and density have 
been made. An investigation has also been made by x-ray dif­
fraction methods on the crystal structure of the and ^  
phases of poloniiira discovered while determining the thermal 
coefficient of electrical resistivity. Some preliminary 
observations have also been made by x-ray diffraction on alloys 
of polonium and lead and of the coefficient of thermal expan-
^ sion for the two phases. Finally some observations have been 
made on the characteristics of the phase transition. 
Factors Influencing the Selection of Methods 
Below are listed some of the properties of polonium which 
though not individually unique made the employment of conven­
tional techniques difficult if not impossible. 
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1) Although the amount of polonium now available within 
the Manhattan Project Y/ould be considered large by the early 
v/orkers with polonium, the same amount of xnaterial "would be 
considered fantastically small by the conventional metallur­
gist or physicist employing standard precision techniques for 
measuring the properties desired here. 
2) The high specific activity of polonium makes it ex­
tremely toxic if absorbed into the body. ViOien a polonium atom 
decays near the surface of metallic polonium or a polonium 
compound the recoil often hurls small particles of active 
material into the air. This phenomenon coupled with the high 
toxicity requires that the experimenter select a method vmich 
will expose the active material to the open atmosphere as 
little as possible. Completely closed systems, "dry" boxes, 
or well ventilated areas niust be employed. The technique 
selected must be one in which there is no mechanical scattering 
of the material. 
3) Polonium has a half life of 138 (1) days and the com­
position of the sample changes rapidly with time. In a freshly 
prepared sample lead is increasing at the rate of one-half 
percent per day. The method selected must require as little 
time as possible. Methods requiring a long time to attain 
equilibrium or requiring successive measurements over an ap­
preciable period are impractical. 
4) The heat produced by the radioactivity (0.12 calories 
per microgram per hour) maintains the polonium and its 
4 
Immediate surrooondings at a temperature higher than the 
ambient temperature. The magnitude of this temperature 
differential varies with the size of the sample and the 
heat transfer characteristics of its immediate environ­
ment. This phenomenon makes the determination or repro-
ducihility of temperature difficult. 
5) AL.'^ost complete lack of knowledge as to the order 
of magnitude of all of the physical properties was also a 
great handicap. 
Preparation and Purity of Polonium 
Metallic polonium -was prepared hy electro-deposition 
on platinum foils from dilute nitric acid solution^l). Earlier 
work by other members of the laboratory had shown that metal 
prepared in this manner was very pure, except of course for 
lead which is formed i.n the metal after deposition, A further 
check of the purity vjas made by the spectrochemical analysis 
of a sample used for a melting point determination. The 
analysis showed only the expected amount of lead and small 
amounts of aluminum and calcium. It is believed that these 
latter impurities were introduced with the acid used to dissolve 
the sample in preparing it for analysis. The analysis was per­
formed on only one sample. In the chemical process used in 
the recovery of the material for subsequent experiments it is 
possible but mlikely that other impurities were introduced. 
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Electrical Resistivity 
The specific resistivity and therraal coefficient of 
resistivity were determined on thiii distilled films of 
poloniiam. Tne determinations v/ere made in the following 
manner with the apparatus shoTOi in Figures I and II; 
1) A freshly prepared polonium coated platinum foil 
was placed in a tantalum test tube which in turn was placed 
in the quartz jacket. 
2) The electrode holder v/as inserted and the apparatus 
evacuated to a pressure of from 10"^ to 10~®mm of Hg. The 
electrodes were four fine tungsten v.'ires sealed through the 
end of the pyrex-glass electrode holder. The glass and 
electrodes were ground and polished so that they formed one 
smooth flat surface. 
3) Tiie polonium was distilled from the foil onto the 
end of the electrode holder by heating the tantalum test tube 
to a dull red heat by high-frequency induction. The polonium 
condensed as a thin film of metal which shorted the four elec-
^ ' 
trodes. The size and shape of the film was determined by a 
hole in a platinimi shield v;hich was wired to the end of the 
electrode holder. The character of the film was found to be 
dependent upon the rate of distillation. The optimum rate of 
distillation was different for polonium and for each of the 
metals used as a stand-in while developing the technique. 
(4) The apparatus was filled with about one-third of an 
atmosphere of helium and removed from the vacuum line. 
6 
Pig, I, Resistivity apparatus 
Pig. HI. Photo micrograph (lOOX) 
polonim film. 
of a distilled 
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5) Hie apparatus was placed In a long vertical tube 
furnace v/ith the sample at the center of the coio^ant temper­
ature region and the temperature slowly increased. The 
temperature of the apparatus was measured by a thermocouple 
placed in the electrode holder and in contact with the glass 
upon which the film v/as deposited. 
6) A constant current, usually 10 ma., was passed 
through the polonium film between the outer electrodes. The 
IH drop across that portion of the metallic film between the 
center electrodes was measured with a L. & N. potentiometer, 
cat. Ho. 8667. 
7) The apparatus was retuined to room temperature and 
the electrode holder removed and placed in a special holder 
and the amount of polonium in the film was determined by 
alpha count. The counting error was less than 3 percent. 
The width and length of the metal film was assumed to be 
equal to the dimensions of the hold in the platinum shield. 
Khov/ing these dimensions, the density of polonium and the 
amoimt of polonium, the thickness of the metal film was cal­
culated by assToming uniform deposition. 
The validity of the last assumption was checked by 
D. T. Vier, who took alpha ray photographs of the film in a 
special evacuated pin-hole camera. The density of the photo­
graphic image thus obtained was a measure of the thickness 
of the deposit since the deposit was so thin that there was 
no self absorption of alpha particles. Visual inspection of 
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the photographic plates shovi/ed that the edges of the polonium 
film were quite sharp and the deposition apparently uniform. 
Densitometer traces taken from end to end of two such images 
showed a uniform taper in the thickness of the deposit amount­
ing to 8 percent in one case and 20 percent in the other. 
The assumption of uniform thiclaiess for a film Y«ith 20 percent 
taper introduces an error of only 3 to 4 percent in the cal­
culated specific resistance. 
Microscopic examination up to 200X showed a smooth uni­
form film TiTith small grain size. Note the circular outline 
of the tungsten electrode in the photomicrograph in Figure III. 
The results of several determinations as described ahove 
are shovna graphically in Figure IV and are also tabulated in 
Table I. 
It will be noted in Figure IV that betv;een 65®G and 130°C 
there is a definite discontinuity in each curve. This was in­
terpreted as due to a change in the crystal structure of 
polonium. The low temperature phase has been designated oC-
polonium and the high temperature phase ^ -poloni\im. This in­
terpretation of the discontinuity has since been proven cor­
rect by the x-ray diffraction studies described in Part II 
of this paper. 
A polonium film was held at a temperature of -640c for 
12 hours. The resistance of the film was then measured as 
the apparatus was slowly heated to 50°C. There was no indica­
tion of a phase change inthis region. 
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It will also be noted in Figure IV that the phase trans­
formation does not occur at the same temperature on the 
various films. This is discussed in Part III. 
All of the polonium films used for securing the data 
reported in Figure IV and Table I contained between one and 
two percent lead. This was unavoidable since -polonium is 
deposited by the distillation and a resistivity curve secured 
v^ith a freshly distilled film does not sho-w a phase transition. 
The film must stand for several hours, usually overnight, in 
order for the beta-polonium to transform to alpha-polonium. 
Further the lead resulting from decay after the electrodeposi-
tion is also distilled onto the electrode holder. 
The possibility that a large portion of the observed • 
conductivity might be due to a layer of ionized gas adjacent 
to the polonium was investigated. The conductivity of a given 
film in helit.m was found to be the same with a gas pressure 
of 10"® mm of Hg as it was with a pressure of 200 mm of Hg. 
The possibility that the high conductivity of polonium 
is a result of the ion pairs formed in the metal by the es­
caping -particles has been considered. The number of ion 
pairs formed per unit volume of metal increases rapidly vjith 
the thickness of the metal film. If the conductivity of 
polonium results from these ion pairs, the specific conduc­
tivity would increase rapidly with increasing film thickness. 
The specific conductivity was observed to be independent of 
the thickness of the film. 
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Table I. Electrical Resistivity of Polonitim 
Heating Transl-Specific Res-Thermal Coeffi-
Rate tion istivity cient electrical 
Determination ®C/min Range micr0«'03im-'cm resistivitg-?^ 
*^0 o<- Po PO oC- Po /3 " p"^ 
VIA a. 
to C
O 1 43 .0045 47 .0058 
VIB 0.4 65-85 39 .0045 42 .0066 
VIIA 0,5 78-110 50 .0046 43 .0081 
VIIB 0.5 70-105 47 .0037 46 ,0071 
VIII 0.8 100-130 33 .0056 36 .0071 
Average 42^10 .0046 44±10 .0070 
= A R 
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The average values of 42-10 micro-otan-centiiaeters for 
of oi-polonium and 44^10 mlcro-ohm-centiraetors for RQ of 
/3-polonium are Relieved to be maximum values rather than true 
values. All undetermined errors due to cracks, porosity or 
other physical defects in the polonium film add to make the 
specific resistivity secured with this technique larger than 
the tx'ue specific resistivity for massive metal. And in ad­
dition, if the presence of the lanavoidable 1-2 percent lead 
appreciably affected the resistivity of the sample, it in­
creased it. Hovsever, it is thought that the effect of the 
lead is small since the resistivity of a sample did not change 
Y.'ith time (increasing lead content). 
Melting Point 
Films of polonium prepared in the same manner as described 
for the resistivity measurements vjere heated to temperatures 
around 250°G. Near this temperature the resistance of the 
films always showed a large abrupt increase which v/as usually 
followed by the breaking of the film. Figure V shows the 
results of several melting point determinations (The curves 
have been displaced to clearly show the change in slope). The 
point of abrupt change in slope is taken as the melting point. 
The melting points of several other elements (Baker's 
C, P. grade) v;ere determined b3- J, B. Roberts using tlie same 
technique and apparatus with the following results: 
2<53 
260 2SO 230 2IO /so 
7E/N/:?ER4^TURE °C 
FIG.Y MBLTING POINT OF POLONIUM 
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Metal Experimental International Critical 
Tables 
Bi 269 271 
Cd 315 320.9 
Zn 417 419.5 
A visual melting point was taken with a sli^t modifica­
tion of the resistivity apparatus. Polonium was distilled 
from a tantalum tube with a small n02szle onto a glass surface 
at liquid air temperature. The sample was transferred from 
the distillation apparatus to a Jacket containing a window 
throu^ which the polonirun deposit could be observed and photo­
graphed, Figure VI shows the sample after it had warmed up to 
room temperature. Note the large cracks produced in the metal 
when it was "heated" from -190^0 to 250C. This indicates a 
negative coefficient of expansion which was later found by-
x-ray diffraction measurements. 
The apparatus was placed in a tube furnace and the tem­
perature slowly raised. The temperature was measured by a 
thermocouple placed on the other side of the glass surface. 
The poloni\xm deposit was viewed througih a low power microscope 
during the heating period. At 246®C there was a distinct change 
in the surface of the deposit which was interpreted as due to 
the melting of the sample. 
It is concluded that the melting point of polonium is 
254 i IQOC. 
Figure VII is a photograph of the end of the electrical 
16 
Pig. VI. Distilled polonitim film heated from 
-1900 to 25OC. 
Pig. Vli. Distilled poloxii-uBi film after melting 
point deteminat ion. 
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resistivity apparatus after a melting point determination. 
Globules of once-molten metal have formed on the ends of the 
metal electrodes and a rectangular "fence" of tiny beads out­
line the edges of the film. 
Density 
The density of polonium was determined by measuring the 
volume which a known mass of metal occupied in a small capil­
lary. 
The polonium v/as put into the capillary by the technique 
used to prepare samples for x-ray study and is described in 
detail in Part II. However, instead of a thin wall capillary 
a heavy capillary with a fine bore was used. This capillary 
was prepared in the laboratory and the end was sealed with a 
glass plug in order to obtain a "square" end. The capillary 
was calibrated with mercury before plugging the end and the 
bore found to be uniform to ^ 0,5% in cross-sectional area in 
the 15 mm adjacent to the plug. 
After the polonium had been distilled into the capil?-ary 
and the capillary sealed from the distillation apparatus in 
the usual manner the capillary was placed in a special centzl-
fuge cup and heated to 450OC, which is well above the melting 
point of polonium. \Vhile at this temperature the massive 
centrifuge cup and capillary were placed in a centrifuge and 
whirled until cool. In this manner the molten poloniTam was 
centrifugally cast into the csi ibrated end of the capillary. 
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The length of the "ingot" -was then measiored with a comparator 
and microscope. 
The sample v/as cooled overni^t in a bath of mineral oil 
at a temperatiire of -50°C, The length of the ingot v/ss then 
measured while the temperature of the bath was slowly raised 
to 1420C. 
Kie bath fumed so badly above 142°C that no additional 
measurements could be made. 
Provided the /S' to ^  transformation occurred during the 
overnight cooling period, the to transformation which 
should have occurred near a bath temperature of 40® exhibited 
only a sli^t change in volume. 
Further measurements we,re impossible because, upon melt­
ing, the ingot of polonium was dispersed in the f orai of many 
small slugs throughout the length of the capillary by the pres 
sure of the entrapped helium formed by decay. 
Prom the weight, diameter, and length, the density of 
polonium was calculated to be 9,38 g/cc. This is probably cor 
rect to 0,5 g/cc. The meastirements were not sufficiently ac­
curate to give a value for the expansion coefficient. 
Since the accuracy of the density calculated from the 
crystal structure data reported later is greater than the ac­
curacy of this method, no further direct determinations were 
made. 
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Summary 
Table II lists the properties of polonium as determined 
hy this investigation and the properties of other elements as 
taken from the International Critical Tables. 
It is apparent that polonium is quite metallic in char­
acter and resembles Tl, Pb and Bi in its physical properties 
more closely than it does Se and Te. 
Table II. Comparison of the Physical Properties of Polonium and Other Elements 
Element Atomic 
No. 
Group in 
Periodic 
Table 
Specific 
Resistivity 
micro-ohm-
cms 
Thermal Coeffi­
cient of Elect­
rical Resistiv­
ity 
Melting 
Point 
OQ 
Density g/cc 
o/ r ^ R 
At RQ 
S 16 VI 2  X  1023 large negative 
coefficient 
113 2.07 
se 54 VIB 2 X  10^1 large negative 
coefficient 
220 4.80 
Te 52 YIB 2  X  10® large negative 
coefficient 
452 6.24 
Po 84 VIB 42 
44 
(oc) 
(/^) 
.0046 (<) 
.0070 (/9) 
254 9.4 
Bi 83 VB 115 .0045 . 271 9.80 
Pb 82 IVB 22 .0043 327 11.34 
T1 81 II IB 18 .0040 303 11.85 
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X-RAy DIFFRACTION STUDIES OF POLONIUM^ 
The crystal structure of poloniton was investigated in 
1936 by M. A. Rollier, S. B. Hendricks and Louis R. Maxwell (2). 
They obtained electron diffraction photographs from about 0.1 
micrograms of polonium that had been volatilized in a stream 
of hydrogen and deposited on a thin collodion film over an 
area of about three square millimeters. They interpreted the 
crystal stricture as probably monoclinic with a = 7.42 2.^ 
b ; 4.29 c r 14.10 2! and o< quite close to 90°. 
Apparatus 
Most of the photographs of this investigation were taken 
with a 7.5-cm-radius General Electric Debye camera. Some pat­
terns were photographed with a back reflecting cylindrical 
camera with a radius of 5 cm. The former camera covered a 
range in Sin^Q values from 0.003 to 0,97; the latter a range 
from 0.018 to 0.985. 
Good diffraction patterns were obtained with iron and 
copper radiation from General Electric CA-6 Diffraction X-Ray 
Tubes. The ^ass used in the capillary completely absorbed 
chromium radiation so that no patterns were obtained with this 
radiation. Photographs were attempted with molybdenum radia-
1 
This section done jointly with Dr. W. H, Beamer. 
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tion, but "because of the high background and loss of intensity 
at hi^ angles no more lines v/ere photographed than v;ith cop­
per radiation. 
The films were measured v^ithout magnification with a 
pointer attached to a slide and vernier. The smallest divis­
ion which could be read on the vernier was 0,1 mm. The meas­
urement of any one sharp line had a possible error of -0.1 ram; 
the diameter of any sharp ring had a possible error of ^O.Snm. 
Preparation of sample 
Due to the characteristics of polonium discussed in Part I 
only glass enclosed powder samples were used. From 30 to 100 
micrograms of polonium were put into the very end of a thin 
wall capillary with three successive vacuum distillations. The 
capillary was drawn from a low absorbing lithia-borosilicate 
glass (Corning #707) which can be sealed directly to pyrex. A 
drawing of the apparatus used is shown in Figure VIII. 
The procedure for the preparation of powder samples was as 
follows: 
1) The capillary and the end of the distillation apparatus 
up to the point "A" was thoroughly outgassed by evacuating to 
"•A 
a pressure of 10 mm of Hg for 15-20 hours while holding at a 
temperature of 400-425°C in a tube furnace. 
2 )  The poloniixm was electroplated on a 40 mil platintaa 
wire. The wire was placed in a small closed-end platinum tube 
(B) which was in turn placed in a small close-fitting quartz 
/4 mm Py^sK 
E 
C C  
qu/iRTZ 
B c 
PL AT/NUm 
V 7 7 _  .  
lo Vacuum LINE 
Bore Apppox. o.Sm/n 
h/all /jpp/roy 0.02mm/ 
F 
AIP'P/?0\. 9" G 
j-
V  / / / / / / / / / / / / / ' • / / •  /  
-c glass 
(VOOC 
/ y '  /  / /  / /  / /  /  / /  / /  /  /  
Tube Furnace 
' / / /  /  / / / / /  T T ^ /  /  /  /  
\  w  w  \  \ M  
W  \ \ \ \ J  
/ / / / / / / / / / / / / / / /  
to 
w 
RIG M MEPARAWN OP XPAY SAMPLE 
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tube (C). 
3) The distillation apparatus was filled with a positive 
pressure of helium and the quartz tube (C) was inserted at the 
end (E) while helium was flowing through the apparatus. The 
apparatus was again evacuated to a pressiire of approximately 
lO'^mni of Hg. 
4) The quartz tube was slid to the position (F) by tilt­
ing the apparatus on a ball joint, A hi^-frequency induction 
coil was placed around the entire apparatus at (?) and the 
platinum tube heated rapidly to a red heat. At a pressure of 
between 10 and 10 mm this distilled the polonium from the 
platinum wire in from 5 to 10 seconds. The polonium condensed 
as a shiny metallic mirror on the walls of the apparatus near 
the capillary. The quartz tube served as insulation and pre­
vented the red hot platinum from breaking the glass apparatus. 
The apparatus was open to the vacuum line during the dis­
tillation so that any permanent gases liberated from the plati­
num and quartz were continually removed, louring the distilla­
tion the pressure of the permanent gases in the system did not 
exceed 10"^mra« 
5) The quartz tube and platinum were returned to position 
(E) and the apparatus was sealed off at point (G). The polonium 
was then in a thoroughly out-gassed, closed glass system under 
a pressure of approximately 10 mm of Hg, 
6) Tlie evacuated apparatus was wrapped in glass wool and 
placed in a tube furnace so that the end of the capillary was 
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exposed to the open air. The tube furnace was held at 400°C 
for two or three hours. Due to the temperature gradient in 
the apparatus the polonium migrated into the capillary but 
since the temperatijre gradient in the capillary was not sharp, 
the polonium was distributed over a considerable length (H) 
of the capillary. 
7) The capillary was sealed off from the main apparatus 
at the point (J), and placed in a close-fitting hole in an 
alutttinura block which was held at 400®C for another few hours. 
The temperature gradient in the capillary was now sharp and 
the polonium migrated to the end of the capillary. 
8) The capillary was then mounted and photographed in 
the usual manner. By this procedure a small amount of polonium 
was concentrated into one spot in a capillary without exposure 
to air or danger of mechanical loss. 
The capillaries used were veryamall, usually 0.3 to 0.4 
mm O.D. with a wall thickness of approximately 0.02 iron or less. 
The alpha particles which are released by radioactive decay 
and which have a range in air of 5 cm at this altitude (7300 ft) 
often penetrated the capillary walls. (Five cm of air is 
equivalent to 0.02 ram of glass.) The alpha particles from 
sample II used in obtaining films 27 and 28 reported In Tables 
III, IV and V had a range of over two cm in air after pene­
trating the capillary walls. 
Calibration of Cameras 
The technique described for the preparation of polonium 
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samples was developed with zinc as a stand-in for polonitm. 
'Jhese samples were used to calibrate the cameras for the in­
vestigation, The zinc was obtained by electrodeposition 
from a solution of Baker's C.P. zinc sulphate. The constants 
for the crystal structure of zinc were taken from Barrett (3) 
and were: a s 2,6595 2; c s 4,9368 2. The values for the 
camera radius which were calculated from individual zinc lines 
did not vary with the diffraction angle as did the values cal­
culated from the pattern of a nickel wire of comparable size 
photographed in the same mounting. This indicates very small 
absorption in small metal samples prepared by this technique. 
Estimation of Intensities 
All estimations of intensities were made visually. In 
addition to the usual method of reporting intensities from 
very strong (VS) to faint (P), a nxcnerical value v/as assigned 
to each line, 
Ihe former method gives the intensity in terms of dis­
tinctness cf tho line above the background and in terms of ex­
posure. An over-esposed line is called very strong; a line 
barely visible above the background is called faint. 
The numerical values show more correctly the relative 
Intensities between adjacent lines. An arbitrary hi^ value 
in agreement with the value of the calculated intensity was 
assigned to the first line. The intensity of the second line 
was estimated in terms of the first line and a value assigned. 
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The intensity of the third line was estimated in terms of the 
assigned value for the second line and so forth. The error 
in any estimation was thus carried throu^ all subsequent 
estimations "but it is thought that this is the most accurate 
method for showing the relative intensities of adjacent lines, 
x^ny non-linearity in the exposure characteristics of the film 
of cairse affected these numerical values. 
The intensity estimations were made difficult by the 
presence of an overall background from the gamima radiation 
associated with the radioactive decay. An exposure of 100 hours 
to the gamma radiation from one sample completely blackened the 
film. The average exposure for unfiltered copper radiation was 
10-12 hours, while CuKc< radiation secured by filtering with one 
mil nickel required an exposure of 30 hours. In addition the 
o(-phase polonium patterns vjere further exposed to gamma radia­
tion for several hourss while the sample was cooled before ex­
posure . 
Film Shrinkage 
It v/as found unnecessary to apply film shrinkage correct­
ions to the Debye films# Direct test showed that in the Los 
Alamos climate the double-coated. Blue Brand Eastman x-ray film 
has negligible shrinkage. 
Confirmation of Existence of Two Phases for Polonium 
The x-ray data confirm the interpretation of the electrical 
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resistivity data which indicated the ex3sbence of two crys­
talline forms of polonium. Two distinctly different diffrac­
tion patterns have been obtained from the same sample of 
polonium. The photographs of these patterns are reproduced 
in Figure IX. 
Table III gives the observed spacings for -polonium and 
y9-polonium as determined by this investigation and the spac­
ings reported by Rollier, Hendricks and Maxwell (2). It is 
evident that poloniian exists in two crystal modifications and 
that the pattern photographed by the previous vrorkers origi-
ginated from a sample containing both phases. The possibility 
that one of these patterns arose from an unstable oxide was 
investigated. The diffraction pattern of a sample which had 
been partially oxidized by exposure to pure oxygen for several 
hours was a mixture of the pattern of /^-polonium and an en­
tirely new pattern. Another sample upon longer exposure to 
oxygen gave this new pattern without either the tx-polonium or 
-polonium patterns. 
Temperature Measurement and Control 
Only a very rough estimate can be given of the tempera­
ture of the polonium samples when the diffraction patterns 
were photographed. The uncertainties here are greater than 
the uncertainties in the resistivity measurements. The con­
centrated sample in the end of a small capillary with its 
associated air film is better insulated than a thin film of 
Diffraction pattern < . Polonium - Cu Radiation 
Diffr-istion patternyj- Polonium - Cu KoC Ri.diation 
Figure IX 
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Table III. Observed Spaclngs and Intensities of Polonium 
Line Polonium /^- Polonium Reported in Ref (2) 
Intensity 1/d^ Intensity l/d^ Intensity l/d^ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
VS 
vs 
MS 
M 
S 
S 
M I  
M 
P 
W 
w 
.0896 
.1795 
.2692 
.3595 
.4486 
.5371 
.7169 
.8065 
.8978 
.9866 
1.163 
1.253 
1.432 
1.519 
1.608 
VS 
S 
MS 
M 
MS 
MW 
MS 
W 
W 
jni/i' M 
w. 
w 
w 
p 
p 
p 
vw 
w 
.0931 
.1550 
.2169 
.2486 
.3733 
.4045 
.4669 
.5279 
.6231 
.7153 
.8394 
.8708 
.9941 
1.026 
1.087 
1.151 
1.334 
1.395 
1.459 
1.490 
1.613 
1.641 
VS 
M 
MS 
V/ 
BiHV 
W 
W 
M 
M 
V\V 
w 
VW 
w 
V/ 
liW 
V\'/ 
w; 
w 
W! 
.0890 
.0940 
.1580 
.1804 
.2175 
.2481 
.2642 
.3634 
.370 
.4068 
.4480 
.46 
.5310 
.7170 
.8000 
.8465 
.8953 
.9920 
1.149 
1.248 
1.473 
1.627 
to 
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metal in intimate contact with a large mass of glass and metal 
electrode. It was expected that the x-ray samples would be at 
a temperature considerably higher than ambient temperature. 
This was actually observed. 
The diffraction patterns photographed with freshly pre­
pared samples at thermal equilibrium with static air alv/ays 
showed the/'-phase only. The oC-phase pattern was only ob­
tained after prolonged cooling in a stream of refrigerated air. 
On returning the sample to thermal equilibrium with static air 
at room temperature, the diffraction pattern was predominantly 
that of-polonium althou^ the stronger oc-polonium lines were 
always present. Thus it appears that the temperature of the 
polonium samples when in equilibrium v/ith static air at room 
temperature was near the ex, totransformation temperature. 
In view of the electrical resistivity measurements the best 
estimate vih ich can be made for the temperature of the polonium 
sample under these conditions is 76-15 C. 
In order to obtain the ©(-phase alone the polonium samples 
were cooled by a stream of dry air which had been refrigerated 
by passing throu^ a copper coil immersed in dry ice and tri-
chloroethylene . A constant rate of air flow -a^s maintained to 
minimize any change in the heat transfer coefficient between 
the air stream and tiie polonium. A brisk rate of slow vi/as 
used in order to obtain as good heat transfer as possible and 
thus decrease the temperature differential between the metal 
and the air stream. 
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'Xlie temper at"ure of the air stream was determined by ex­
ploring the air stream in the vicinity of the sample wi th a 
thermocouple made of 3 mil wire. This temperature was fotmd 
to be approximately -10°C. In view of the previous estimate 
and the better heat transfer for moving air the estimate of 
the temperature of the polonixm sample under this condition 
is 10il0°C. 
Crystal Stricture of o^^-Polonium 
The diffraction pattern of c<.-polonium can be interpreted 
as that arising from a simple cubic crystal with a parameter 
of 3.345 - 0.002 S. 
Columns (3) and (6) of Table IV list the spacings and 
intensities observed on the besto;^-Po film. Columns (2) and 
(5) list the corre ponding values c alciilated for a simple cubic 
structure with "a" s 3.345 S. 
The film from which the values in Table IV v/ere taken was 
photograpihed virith Ni filtered Cu radiation in order to 
avoid the possibility of accidental coincidences with lines. 
The film had a very high background since it was exposed to 
gamma radiation for 55 hours while the sample was cooled and 
photogr^hed. The spacing corresponding to (h^ 1^) 
equal to 12 was not observed on this film but has been observed 
on other films with less background. A freshly prepared sample 
was used so that the lead content (approximately 1,5/0 v;ould 
be as low as possible. 
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Table IV. Calculated and Observed Spacings and Intensities 
For . o^-Polonium o 
Simple Cubic vjith. "a" = 3.345 A. 
Calculated 
l/d2 
Observed 
l/d2 
Calculated 
Intensity 
Observed 
Intensity 
1 .0894 .0896 100 100 VS 
2 .1787 .1795 91 80 VS 
-3 .2681 .2692 38 40 145 
4 .3575 .3595 21 25 M 
5 .4469 .4486 62 55 S 
6 .5362 .5371 50 45 S 
8 .7150 .7169 18 10 w 
9 .8045 .8065 42 30 M 
10 .8937 .8978 32 25 M 
11 .9831 .9866 32 15 MVV 
12 1.0725 11 0 — 
13 1.1619 1.1628 35 15 MV/ 
14 1.2512 1.2526 75 30 M 
16 1.4300 1.432 12 5 P 
17 1,5193 1.51934t 132 20 W 
18 1.6087 1.608^'r 144 15 vw 
"''Average of resolved and 0(2 measurements. 
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The agreement between observed and calculated values of 
l/d^ is completely satisfactory, A variation of 0.002 2, in 
the parameter would cause the observed and calculated patterns 
to disagree by an arao-unt larger than the experimental error in 
measuring this particular film. Hence, the precision with 
which the parameter may be determined is - 0,002 X although the 
parameter change associated with the large uncertainty in 
temperataire is much larger than this, 
The agreement between the calculated and observed inten­
sities is excellent for the first six lines. The observed in­
tensity values for the high angle lines were considerably less 
than the calculated intensity values. However, there was a 
general weakening of the entire observed pattern with increas­
ing diffraction angle and not an isolated weakening of a par­
ticular line. This trend in the intensities of the higher 
angle lines was observed with both o(.-Po and /S-Po and in the 
calibration photographs taken with a zinc sample prepared in 
exactly the same manner and is probably a characteristic of 
minute samples prepared in this manner. As a result of this 
trend the intensities of hi^ angle lines should not be com­
pared with the intensities of low angle lines. The comparison 
should be made between adjacent or near adjacent lines. When 
the ratio between the observed intensity values of adjacent 
lines was compared with the ratio between the calculated 
values for the same lines, satisfactory agreement was obtained 
for the entire pattern. 
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The calculated Intensities for polonium do not include a 
correction for absorption. It is believed that this correction 
is small in spite of the hi^ atomic number of polonium because 
of the smallness of the sample and its distribution as a thin 
hollow cylinder on the walls of the capillary, rather than as 
a solid cylinder. 
The calculated density for this structure is 9,32 g/cc 
which is in the satisfactory agreement with the measured value 
of 9.4 ^  .5 g/cc. 
The structure belongs to the space group 0^, 
h 
Crystal Structure otfi -Polonium 
The diffraction pattern of/^-polonium can be interpreted 
as that arising from a simple rhombohedral crystal with a para­
meter of 3.359 - 0.002 and an angle of 9a°13' 3». 
Columns (4) and (6) of Table V list the spacings and in­
tensities observed on the best/^-Po film. Columns (3) and (5) 
list the corresponding spacings and intensities calculated for 
a rhombohedral cell with "a" s 3,359 ando<r 98° 13', In column 
(2) are listed the corresponding rhombohedral indices. The 
spacings of this pattern occur in the ratio of simple whole 
numbers, and cubic indices may be assigned to each line. Column 
o 2 o 
(1) lists the (h f k f 1 ) values corresponding to the pseudo-
cubic Indices. 
The agreement between observed and calculated spacings is 
completely satisfactory. V/hen the ratio between the observed 
Table V. Calculated and Observed Spacings and Intensities for /^-Polonium 
Simple Rhombohedron a = 5.359 oCr 98° 13' 
Pseudo- Rhorabohedral Calculated Obser¥ed Calculated Observed 
Cubic Indices l/d^ l/dr Intensity Intensity 
6 100 .0931 .0931 200 200 vs 
10 lio .1552 .1550 108 100 s 
14 110 .2173 .2169 78 60 MS 
16 111 .2483 .2486 65 50 M 
24 111 
200 .3725 .3733 
13 
40 50 M 
26 210 .4035 .4045 73 60 MS 
30 211 .4656 .4669 30 15 Wf 
34 210 
211 .5277 .5279 
53 
53 60 MS 
40 2§0 .6203 .6231 22 8 W 
46 23.1 
221 
221 
.7139 .7153 19 38 
17 
15 w 
54 300 
310 
.8380 .8393 17 
34 
30 MW 
56 220 
311 .8691 .8708 
17 
17 5 VVif 
64 22g 
311 .9932 .9941 
16 
32 10 W 

221 
54 300 .8380 
310 
56 220 
311 
64 22§ 
311 
86 321 
32S 
.8691 
.9932 
66 310 
320 1.0243 
70 221 ^ ^ 
^21 1.0863 
74 35I 1.1484 
80 311 1.2415 
1.3346 
90 320 
330 1-3967 
322 
94 4i0 1.4588 
2ll . 
222 
96 331 1.4898 
400 
104 420 1.6140 
106 321 . 
521 1.6450 
Value is average of resolved oi and 
17 
.8393 17 30 MW 
34 
.8708 17 5 VW 
.9941 g| 10 W 
32 
1.0255""' 32 10 W 
1.0868'^' 34 5 VW 
1.151 35 3 F 
18 not oba. 
44 
1.3344" 22 2 P 
48 
1.3947 24 IF 
58 
1.4586" 58 15 Mi 
27 
10 
1.4902"''" 62 10 W 
31 
1.6126" 110 3 VW 
144 
1.641 ill 6 W 
c< measTorements. 
2 
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Intensity values of adjacent lines is compared v/ith the ratio 
between the calculated values for the same lines, satisfactory 
agreement is obtained for every line except line "94." Hie 
presence of a hl^ backgroimd makes it impossible to say whether 
this apparent discrepancy is real or not. The line is very 
sharp, and for this reason may appear more intense. 
Two or more indices are assigned to thirteen of the tv/enty-
two spacings observed in -Polonium. This accidental agreement 
in the spacings of different families of planes must be very 
close since the lines observed on the photographic film are 
quite sharp. Exact agreement for all such accidental super­
positions is obtained when = 98*^12' 40". The exactness of 
this superposition is a function of " £>( " alone and does not 
depend upon the parameter "a". The exactness of the superpo­
sition of planes 400 and 331 observed together as line "96" is 
the most susceptible to sli^t changes in "o;". A change of 
i 3' would cause the spacing of these planes to be different 
by an observable amount. Similar consideration of planes 410 
and 411 observed as line "94" sets a limit of ^ 5', The dis­
tance between lines "94" and "96" is also very dependent upon 
"oc"* A change of more than ^  3* would be easily detected. 
Because of the pseudo-cubic nature of the /5-Polonium pat­
tern, many crystal lattices will give completely satisfactory 
agreement between the calculated and observed values of the 
spacings. Table VI lists some of these structures which have 
been considered and discarded on the basis of intensity calcu­
lations. 
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Table VI. Structures Considered fovjS -Polonium 
Atoms per 
Structure Parameters Unit Cell Density 
a b c 
Base centered 
orthorhombic 3.278 4.292 5.080 2 9.74 
Pace centered 
orthorhombic 4.013 6.951 5.675 4 8.81 
Cubic 8.029 14 9,45 
Hexagonal 6.556 4.015 4 9.32 
Hexagonal 6.556 8.029 8 9.32 
Hexagonal 5.078 9,833 6 9.52 
Hexagonal 6.556 7.617 8 9.82 
Those structures either forbid an observed line or allow 
a strong line which is unobserved. It is possible that the 
investigators have overlooked a structure which would give as 
good or better agreement in intensity. However, it appears 
that the rhombohedral structure accounts for the existing data. 
The patterns reported in Table IV and V were obtained from 
the same sample, The/3-polonium pattern was photographed im­
mediately after the preparation of the sample. The lead con­
tent at this time was approximately 0.5^. 
The calculated density for this structiire is 9.51 g/cc, 
rvLich is in satisfactory agreement with the measured value of 
9.4 i .5 g/cc. 
5 This structTjre belongs to space group . 
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The Po-Pb Alloy System 
The radioactive decay of polonitm converts each day about 
one-half per cent of the existing polonium into lead. As a 
result the atomic per cent of lead in a polonium-filled capil­
lary is constantly increasing with time. In 138 days a sample 
will contain 50 atomic per cent lead. X-ray diffraction pat­
terns for a series of alloys of polonium and lead may therefore 
be obtained with one sample by photographing it at dilforent 
times after its preparation. 
A polonium sample has been studied in this manner for 138 
days. Although the interpretation of the data is limited by 
the uncertainty in the temperature some knowledge has been 
gained of the Po-Pb system. Since no additional lines have 
been observed on any of the films taken over this period it is 
concluded that lead forms a solid solution with ©(-polonium to 
the extent of at least 50 atomic per cent. 
The photographs taken the first few days showed only the 
pattern of/S-polonium. This was the first sample photographed 
and considerable difficulty v/as encountered with the cooling 
necessary to promote the to transformation. As a result 
the pattern of the o(_-p3iase was not obtained until tlie sample 
contained lead. All subsequent photographs taken v/ith the 
sample in thermal equilibrium v/ith static air showed some lines 
of o(^-Po. At first the pattern was predominantly that of^^-Po 
with only the strongerc<-Po lines appearing. With time the 
40 
oC-Po lines gained in intensity while the /^-Po lines lost. On 
the particular sample being studied the /S-Vo lines were not 
observed when the sample contained more than 25 atomic per 
cent lead. 
This change in the relative amounts of the two phases 
present is probably a function both of the lead content which 
is Increasing and of the temperature which is undoubtedly de­
creasing with the decay of the sample. 
Figure X shows the parameters of the two phases as a 
function of time. The parameter plotted for^-Po is the ave­
rage of the parameters calculated from the measurements of the 
(110), (110), (111), (210), and (210), (211) lines. Theo(-Po 
is similarly the average of the parameters calculated for the 
(110), (111), and (211) lines. Those lines were selected be­
cause they appeared on all films and because there are no 
or lines of either phase near them. 
It was realized that the parameter calculated from such 
low angle lines mi^t have considerable error as a result of 
systematic errors in the camera. But by always averaging the 
values obtained from the same lines in the same camera and 
same mounting it was believed that any systematic error was at 
least minimized in the study of the change in parameter from 
film to film. Table VII which contains all the values of the 
parameters averaged to obtain the points plotted in Figure x 
shov/s the validity of this assumption. 
The fact that the parameters listed in "^ableVIIfor the 
i 
E/ajcjsed Ti'me~ Days 
0 to ^0 30 to so 60 70 80 30 100 HO 130 
3.38 
337 
3.3S $ 
•M 
 ^3.33 
"^ J.32 Y 
 ^3.3! 
\ 
 ^3 JO 
I 3..29 
(| ^ 2B 
3.27 
Paro/V'^f^er af /^~Pohn/urn 
V-'  
® ® ® 
•" Uncooled Sample 
® = Cooled Sample 
\ 1 Pcfra/?7£'Ter of (/--Pohn/o'/T? 
M 
o /o /S 25 30 35 ^O 'fS SO 
Ato/?7/6 Perce/it L eo/(J 
F/oX LATTICE PARAMETE/^  or Fb-pb ALLOYS 
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Table VII. Parameters Calculated from Individual Measurements 
Film 
No. 
Elapsed 
Time Dajs 
% 
Pb 
/^-£o 
110 
c^-Po 
110 
0
 o
 
H
 
1 H
 
^-Po 
111 
c<-Po 
111 
/?-Po 
2l0 
/S'-PO 
210 
c^-PC 
213 
12 0.5 0.4 3.365 3.356 3.364 3.360 3.355 
13 1 0.5 3.365 3.356 3.355 3.360 3.355 
14 2 1 3.365 3 . o53 3.358 3.362 3.355 
15* 3 2 3.350 3.353 3.347 3.350 3.351 
16* 7 4 3.352 3,346 3.3 
17 8 4.5 3.362 
3.282 
3.347 3.358 
3.286 
3.358 3.358 
3.2 
18'"- 10 5.5 3.348 3.344 3.3 
19 13 7 3.369 
3.288 
3.353 3.361 
3,291 
3.362 3.356 
3.2 
20 14 7.5 3.362 
3.285 
3.353 3.364 3.358 
21 15 8 3.362 
3.285 
3.353 3.358 
3.283 
3.358 3.351 
3.2 
22'-^  17 9 3.348 3.344 3.3 
23 20 10 3.365 
3.288 
3.353 3.358 
3.289 
3.360 3.351 
3.2 
24 20.5 10.5 3.365 
3.288 
3.350 3.358 
3.289 
3.358 3.351 
3.2 
29 38 18 3.365 
3.288 
3.350 3.358 
3.286 
3.358 3.353 
3.2 
44 48 22 
3.287 
3.351 3.365 
3.284 
3.359 3.358 
3.2 
51 56 25 
3.285 
3.353 3.358 
3.283 
3.358 3.350 
3.2 
52A 78 33 3.285 3.282 3.2 
62 98 40 3.285 3.281 3.2 
63 99 40 3.285 3.279 3.2 
70 138 50 3.285 3.276 3.2 
Samples cooled while being photographed. 
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Calculated from Individual Measurements 
-£O 
110 
c<~Po 
110 
/?-Po 
110 
^-Po 
111 
<-Po 
111 
?^-Po 
2lO 
/^-PO 
210 
O<,-P0 
211 
Average 
CTC-PO /5-PO 
• 365 3.356 3.364 3.360 3.355 3.360 
.365 3.356 3.355 3.360 3.355 3.358 
.365 3. o53 3.358 3.362 3.355 3.359 
.350 
3.352 
3.353 3.347 
3.346 
3.350 3.351 
3.337 3.345 
3.350 
.362 
3.282 
3.348 
3.347 3.358 
3.286 
3.344 
3.358 3.358 
3.285 
3.345 
3.284 
3,346 
3.357 
.369 
3.288 
3.353 3.361 
3.291 
3.362 3.356 
3.287 3.289 
3.360 
.362 
3.285 
3.353 3.364 3.358 
3.285 
3.359 
.362 
3.285 
3.348 
3.353 3.358 
3.283 
3.344 
3.358 3.351 
3.287 
3.340 
3.285 
3.344 
3.356 
.365 
3.288 
3.353 3.358 
3.289 
3.360 3.351 
3.285 3.287 
3.357 
.365 
3.288 
3.350 3.358 
3.289 
3.358 3.351 
3.282 3.286 
3.357 
.365 
3.288 
3 . ^50 3.358 
3.286 
3.358 3.353 
3.284 3.286 
3.357 
3.287 
3.351 3.365 
3.284 
3.359 3.358 
3.288 3,286 
3.358 
3.285 
3.353 3.358 
3.283 
3.358 3.350 
3.285 3.284 
3.355 
3.285 3.282 3.285 3.284 
3.285 3.281 3.284 3.283 
3.285 3.279 3.280 3.281 
3.285 3.276 3.276 3.279 
leing photographed. 
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(110) line of /^-polonium appears to "be alv/ays low, has caused 
the investigators considerable worry. There are four condi­
tions from which this discrepancy might arise: 
1) A change in parameter of this magnitude would be 
produced if the average measured diameter of the ring was in 
error by 0.2 mm. This was the order of magnitude of the error 
in measuring the diameter of an individual line. But it is not 
probable that the error for the average of ten measurements is 
this large. 
2 )  If the apparent center of the line is shifted by 0,1 mm 
by the non-exact superposition of an impurity line an error, of 
this size would result. With this sample there are a few weak 
impurity lines observed in other portions of the film. On the 
basis of some work now in progress by one of the investigators 
it is believed that these impurity lines arit-e from an oxide. 
») A change of 7* in the angle " oc" produces a change in 
the position of the 110 line by an amoiint sufficient to account 
for this discrepancy. However, as discussed earlier, the limit 
of error for is believed to be only i 3'. 
4) It is possible that the proposed rhoraibehedral structure 
is incorrect and hence the parameters calculated with it as a 
basis could not be expected to agree from line to line. 
In view of the fact that the apparent discrepancy is so 
near the limits of error and in view of the first three possible 
causes for the error the investigators believe the proposed 
structure to be correct. 
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Coefficient of Expansion 
No experiments were specifically designed to determine 
the coefficient of thermal expansion. Hov/ever, it is possible 
to draw certain conclusions from the data recorded in Table VII 
and S'igure X as to the order of magnitude of the coefficients 
for the two phases. 
Films 16, 18, and 22 were taken while the sample v/a.K at 
thermal equilibrium with a stream of cold air. "jPhe average 
parameter for the o^,-Po lines recorded on these films is 3.345 S. 
Films 17, 19, 20, 21 and 23 were taken while the sample was in 
equilibrium with static air at room temperature. The average 
parameter for c/>.-Po as recorded on these films is 3.286 %ie 
difference is many-fold larger than the difference between the 
individual measurements which v/ere averaged. One must conclude 
that the <-phase of polonium when containing between 4^ and 9^ 
lead has a negative coefficient of expansion. Calculations 
using the temperature estimations of pages 31 and32 places the 
numerical value of the coefficient of thermal expansion for 
this alloy at -300 ^  100 x lO"® cm/cm/°C. 
Diffraction patterns photographed when the sample con­
tained 41 atomic per cent lead show that the coefficient of 
expansion for this alloy is much smaller. It is still negative, 
with a value of approximately -30 x 10" cm/cm/°C. The meas­
urements from these patterns are not included in Table VII and 
Figure X because the patterns were photographed v/ith a different 
mounting of the sample. With low angle lines the parameters 
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can only be compared on films photographed in the same camera 
with the same mounting. 
Films 12, 13 and 14 were obtained with an uncooled po­
lonium sample. The average parameter for the /^'-phase as de--
termihed on these film is 3.359 2. Unfortunately Film 15 was 
the only film recording the /S-phase of a cooled sample. Its 
average parameter value is 3.350 X. This indicates that^-Po 
has a positive coefficient of expansion. Calculations using 
the temperature estimations on pages 3o and3^l jiice the numerical 
value of the thermal coefficient of-polonium containing 1.5^ 
lead at 50 ^ 25 x lO"® cm/cm/°C. 
Atomic Diameter of Polonitaa 
Figure X shows that the parameter of the c<-polonium phase 
decreases slightly with time. During the time the san5)le was 
studied the lead content increased to 50^ and the temperature 
most certainly decreased with the decrease in the amount of 
radioactive material. Neglecting the temperature change and 
taking the extrapolated value of the atomic diameter of £<.-po-
lonlum at zero lead content as 3.288 S the atomic diameter for 
lead was calculated to be 3.27 2 in a simple cube with a co­
ordination number of six. In view of the temperature drop and 
the negative coefficient of expansion of (TC^-polonium the correct 
value for the atomic diameter of lead is evidently less than 
this. 
The atomic diameter of lead in a f.c.c. crystal witai co­
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ordination number of twelve is observed to be 3.49 %, The 
ratio between this value and the value calculated for a co­
ordination number of six is 1.07. According to Goldschmidt 
(4) the expected ratio is 1.04. On the other hand Westgren 
and Almin (5) have, on the assumption of constant atomic vol­
ume, calculated the ratio to be 1.123. Ihe observed value 
lies between these two predictions. 
Possible values for the atomic diameter of polonitun with 
a coordination number of twelve are listed below losing the 
ratios of Goldschmidt, ^^estgren and Almin, and the ratio ob­
tained for lead in this investigation. These values are for 
polonium at a temperature where the two phases co-exist, 
probably near 75®G. 
Ratio oC.-'Bo 
Goldschmidt 1,04 3.42 3.49 
Westgren and 1»123 3.69 3.77 
Almin 
This work 1.07 3.52 3.60 
Over the composition range where both phases co-exist, 
the parameter of -polonium was observed to change at essen­
tially the same rate with respect to time as the parameter 
of oirpolonium. This occurs in spite of the fact that the two 
phases of necessity underwent the same temperature change and 
have such radically different coefficients of expansion. 
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Discussion of the Structtires 
The simple cubic structure and single rhomhohedral 
structure observed for polonium are far from what one would 
expect from the position of polonium in the periodic table, 
Hume Rothery (6), as shown in Figure XI, has divided 
the periodic table into three classes according to the crys­
tal structure of the elements. 
Li Be B C 
Na Mg A1 Si P S CI 
K Ca So Ti V Cr Mn Pe Co Ni Cu Zn Ga Ge As Se B3 
Rb Sr Yt Zr Nb Mo Ma Ru Rh Pd Ag Cd In Sn Sb Te I 
Gs Ba La (Ce Rare Earth Group) 
Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi 
Th U 
Class I • Class II Class III 
Figure XI. Classification of the Crjastal Structure of the 
Elements 
With the exception of manganese, uranium and one form of 
tungsten, which are complex in stiracture, all of the elements 
in Class I crystallize in one of the typical metallic struc­
tures, the body-centered cube, the face-centered cube and 
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close-packed hexagonal structure. 
Class III, in which one would expect to find polonium, 
contains all the other elements of Groups IV, V, VI and VII 
except lead, iidiite tin and the light elements nitrogen, oxy­
gen and fluorine. The elements of this class crystallize so 
that each atom has (8-N) close neiglibors, where H is the num­
ber of the group to ishich the element belongs. These closest 
nei^bors are generally considered as being connected by co-
valent bonds rather than metallic bonds. The crystal struc­
tures of selenium and tellurium (Group VI) are such that the 
atoms are arranged in spiral chains so that each has two close 
nei^bors In accordance •with the "(8-N) rule." The angles be­
tween lines joining the center of any one atom to those of its 
close neighbors are approximately 90°. 
©le elements of Class II, with the exception of indium, 
thallium and lead, form a transition group in which the crys­
tal structure is a distorted form of the typical metallic 
structures. In the cases of zinc, cadmium, and mercury the 
distortion is such that the number of close nei^ibors agrees 
v/lth the (8-N) rule although the bonds are not considered en­
tirely covalent. 
The elements indium, thallium and lead form an interest­
ing group in which the structure is that of a normal metal, 
or a very sligh't modification of it, but in vftiich the atoms 
are almost certainly incompletely ionized. HTime-Rothery 
reached this conclusion from a study of interatomic distances 
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and other properties of these elements. The interatomic dis­
tances for the close-packed hexagonal structure of thallium 
and the face-centered cubic structure of lead are much greater 
than those of the preceding univalent element gold. This is 
in contrast to the first long period v/here the interatomic dis­
tances differ comparatively sli^tly in the whole series of 
elements copper, zinc, gallium, geimanium and arsenic. Similar 
discrepancies exist for the interatomic distances of indium 
and v/hite tin in the second long period. 
Polonium most closely resembles this subgroup of elements 
with a true metallic structure in which the atoms are incom­
pletely ionized. The simple cubic structure has never been 
observed for another element, but it has the symmetrical prop­
erties associated with true metallic bonding. The six close 
neighbors and twelve next close nei^bors are arranged perfectly 
symmetrically around each atom. The simple rhombohedral struc­
ture of the /9-phase can be considered as a slight distortion 
of the c<^-phase. Each atom still has the same six close-neigh-
bors but they are not syimiietrically placed around the atom. 
They are arranged in groups of three 180° apart. The twelve 
second-close nei^bors are divided into two groups of six, one 
of which is closer to and one further from the atom than before. 
First-close nei^bors 
Second-close neighbors 
oc-phase « 
6 - 3.29 X 
12 - 4.65 i 
,^-phase 
3,3 - 3.36 A 
6 - 4.40 
6 - 5.08 
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If polonium were a member of Class III and confoimed to 
the (8-N) rule one would expect its interatomic distance to 
be of the order of magnitude of 3.10 2. observed for bismuth. 
Instead the interatomic distance is observed to be around 
3.60 % when corrected for change in coordination number. With 
the same coordination number the interatomic distance of po­
lonium Is sli^tly larger than that of lead, which is what is 
escpected with a larger atomic number if the degree of ioniza­
tion is approximately the same. Further, the melting point, 
electrical resistance, density and hardness are similar to 
those of lead and are characterlstis of metallic bonding. 
liPhe large negative coefficient of thermal expansion ob­
served for -polonium has no parallel among the other elements. 
This coefficient usually varies from the order of 80 x 10 
for the alkali metals to a value of the order of 5 x lO" for 
hard metals» Yet irrespective of sign the magnitude of the 
coefficient for -polonium is believed to be 300 x 10~®. No 
explanation can be offered for the negative expansion coef­
ficient with the limited knowledge now available of the other 
properties of polonium. Information as to its magnetic prop­
erties should be of great value in view of the fact that 
anomalies (of much smaller magnitude) in the coefficient of 
expansion are usually associated with the ferromagnetic metals 
and alloys near their curie point. 
Although probably of no significance, it is interesting 
to note that -polonium is exactly the same distortion of a 
simple cube as mercury is of a face-centered cube.(7) 
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THE ALLOTROPY OP POLONIUM 
No systematic investigation of the transfom©tion of po-
loniTxm has been made^ The observations presented here were 
incidental to other investigations and the conclusions drawn 
are only suggestive. 
The crystal transformation in poloniion should proceed 
quite rapidly to a state of equilibrium since the /9-structure 
is only a sligjit modification of the oC-structure. The transi­
tion cannot be retarded by the necessity for long range dif­
fusion usually required in the reactions of alloys. Yet both 
the x-ray data and electrical resistivity data of this investi­
gation show that alpha and beta polonium co-exist for long 
per^.ods of time over a considerable range of temperature. The 
data also show that the temperature of the transforraation of 
beta to alpha is considerably lower than the temperature of the 
transformation from alpha to beta. Further, the range of tem­
perature of the o( to /3 transformation was found to vary with 
the thickness of the sample used for the determination. 
In Figure IV, Curves VIA and VIB which were taken on the 
same polonium film show that the to /? transformation was 
completed at essentially the same temperature regardless of 
the rate of heating. In obtaining Curve VIA the sairg)le v/as 
heated from 50°G to 98°C In 6 minutes while 103 minutes were 
used to cover the same temperature range in obtaining Curve VIB. 
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Further, there was no change In the resistance of the film 
when its temperature was held constant for 10 minutes at 68°C, 
albhou^ the transformation had been observed to begin 8 
minutes earlier at 65°C, 
When the samples used in obtaining Figure TV were slowly 
cooled to room temperatui'e the resistance did not follow the 
courses described by the heating curves. There were no indi­
cations of a y? to oc. transition. Sie cooling curves coincided 
with those portions of the heating curves above the transition 
temperature but below this temperature the c^^rves continued 
* 
in smooth lines with no break to show the to ^  transition. 
Figure XII shows two complete heating cycles for sample VI. 
The numbers on the graph give the elapsed time in minutes from 
the start of the first cooling curve. The ^  to c< transition 
usually required 10 to 15 hours for completion at room tera~ 
perature, althou^ a decided drop in resistance could be ob­
served in one or two hours. The possibility that this hystersis 
was solely the result of a slow reaction rate was investigated 
by holding the sample used in obtaining curve VIIB Figure IV 
at 60®C for four hours. Althou^^i this was 15°C belo\7 the be­
ginning of the pi to /S transition observed on heating only one 
hour earlier there was no change in resistance to show that 
any ^  to c< transformation had occurred. 
Figure IV shows that the range of temperature over which 
the iX to ^  transfonaation occurred was dependent upon size 
of the sample used in the determination. Curve VIB obtained 
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with a sample approximately 4,000 atoms thick shows a transi­
tion range from 65° to 85°C, Curve VIII obtained with a film 
only 350 atoms thick shows a range from 100° to 130°C, Curves 
VIIA and VIIB obtained with an intermediate thickness of ap­
proximately 3,000 atoms show an intermediate range of from 
75° to 105°C, Other ciirves with films 10,000 atoms thick show 
a range of 65° to 85°C, 
It was thought that the variance in the transition tempera­
tures for samples of different size was a measure of the vari­
able temperature differential necessarily associated with the 
apparatus used to measure the resistance. To investigate this 
possibility a special conductivltv eorstructed 
using thermocouple wire instead of tungsten for the electrodes. 
Three Pt and one Pt-10^ Rh wires were used. The distilled metal 
then served as the "bead" of the thermocouple and the true 
temperature of the polonium film was measured. The temperature 
of a film several times as thick as any previously used was 
found to be only 2° or 3°C above room temperature. With this 
apparatus the transition range and melting point for this film 
thickness were found to be 68° to 86°C and 254°C. Certainly 
the variance in the temperature of the to ^  transition cannot 
be accounted for by the variable "At," 
Consideration of the pairs of cxirves VIA and VIB and VIIA 
and VIIB in Figure IV shows that the diffe3?enee in the trans­
formation temperature cannot be easily explained by a differ­
ence in the lead content. Each of the pairs of curves was 
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taken with a different sample with stifficlent lapse of time 
to change the magnitude of the lead content. Yet for each 
sample there was no appreciable change in the transition 
temperature with this change in lead content. Hie estimated 
lead content at the time of each determination was: 
An tmsuccessful attempt to extend these observations to 
hi^er lead contents and to obtain a liquidus curve for lesd 
alloys was made by R. W. Senseman. The distilled films upon 
which the electrical resistivity was being measured were de­
stroyed by oxidation when they stood for long periods of time. 
There was no obvious way to de-gas the apparatus and prevent 
this oxidation. 
Investigations on cobalt have shown that its transforma­
tion temperature varies with the grain size and heat treatment 
of each sample. The observations of Edwards and Lipsom (8) 
are given here for compa3?ison purposes. The to cK, transforma­
tion on cooling began at 400®C for rod specimens and wassCLmost 
complete at 300®C, For powder specimens the transformation 
began near 300°C and was only half complete at room temperature. 
The ck /3 transformation on heating exhibited a much smaller 
range near SOO®C. The transition temperature appeared to be 
higher for rod specimens than for powder specimens. They found 
that of the theories proposed to account for such anomalies 
VIA - 0.5%' 
VIB - 0,9% 
VIIA - 0,1% 
viiB - i,rf% 
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only that of Dehlinger (9) seemed to account for their observa­
tions. 
According to Dehlinger the change in surface energy for 
small grains may "become comparable \Yith the energy of the crys­
tal transformation. If there is a positive volume change ac­
companying the transition so that surface is generated, then 
the energy necessary for the transformation of small crystals 
is greater than the energy required by a large crystal. In 
the case of a transition occurring on heating this change would 
be indicated by an increase in the transition temperature. In 
such a case the temperature of transition for a specimen would 
depend upon the grain size of the specimen. If there were a 
range in grain sizes then there would be observed a range of 
transition temperatures, Tlie magnitude of the temperature 
change would be a function of (1) the surface energy, (2) the 
volume change, (3) the heat of transformation for massive metal 
and (4) the angle at irftiich the free energy-temperature curves 
of the two phases intersect, 
Dehlinger calculated that in the case of thallium, which 
undergoes a h.c.p. to f,c.c. transition similar to cobalt, the 
change in surface energy accompanying crystal transformation 
would be of the order of the heat of transformation for grains 
with a diameter of 2 x 10"®cra. This diameter is rougjily of 
the order of magnitude of the thickness of the polonium samples 
investigated. 
Dehlinger*s theory seems to account for the anomalous 
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observations on the polonitun transition. There is a volmne 
increase of 5% accon^ianying the d( to /? transition, the trans­
ition occurs over a range of teraperat-ures and these tempera­
tures increase with a decrease in the thickness of the sample 
used for the determination. 
E, R, Jetts has pointed out that the occurrence of the 
rhombohedral structure as the hi^ temperature phase is an 
exception to the general rule that among metals and alloys 
the hi^ temperature phase is usually more simple than the 
low temperature phase. He suggests that this may bear some 
relation to the negative coefficient of esspansion. 
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